I Supplementary Methods
Prior to the photoresponse measurements, the dark current-voltage-temperature (I-V-T) characteristics were evaluated (See the Methods section of the paper). This allows determination of the value of the activation energy (∆). A typical experimental apparatus for photoresponse measurements is shown in Fig. S1a , where a Perkin-Elmer system 2000 Fourier transform infrared (FTIR) spectrometer is used. Light from the FTIR spectrometer is guided into the dewar by the plane and concave mirrors, and concentrated on the detector sample by a Winston cone, which is placed in front of the sample. The short-wavelength portion of the FTIR light (pump optical source) excites holes in the injector which are then injected into the absorber under a negative bias. The longwavelength portion of the FTIR light acts as a probe to the very long-wavelength infrared (VLWIR) photoresponse. Such a pump-probe measurement was also demonstrated by the experiment using separate pump and probe optical sources, as shown in Fig. S1b . Figure 3a of the paper shows a schematic diagram of this experimental system. Here, a long-pass filter is inserted into the optical path to block the short-wavelength portion of the FTIR light. By using a semi-insulating doubleside polished GaAs wafer as a beamsplitter, the light from the optical excitation source (pump) is mixed with the FTIR light (the long-wavelength portion) incident on the detector sample.
To calibrate the spectral responsivity, a Si composite bolometer, which has a constant sensitivity over the entire wavelength range, was measured. The experimental arrangement for measuring the sample and bolometer (mounted in the same dewar) uses the identical optical path with the same optical components. The spectral responsivity is thus obtained using the following expression:
where I d and I b are the intensities of the signal from the detector sample and bolometer, re- 
Semi-insulating GaAs
Long-pass filter ab Figure S1 : a, Experimental apparatus for photoresponse measurements. The short-wavelength portion of the FTIR light acts as a pump to inject hot holes, whereas the long-wavelength portion probes the VLWIR response. b, Photoresponse measurements with separate pump and probe optical sources. A long-pass filter is used to block the short-wavelength portion of the FTIR light. An external optical excitation source is used as a pump, which is guided into the optical path by a GaAs beamsplitter.
spectively. C is a calibrating factor independent of the wavelength, which takes into account the sensitivity of the bolometer, differences between the parameters of measuring the detector and bolometer (e.g., the active detection area and the preamplifier gain), and the resistances of the detector and load resistor. The load resistor is used as a voltage divider, with a fixed resistance of 7 × 10 7 Ohm for all the measurements.
II Supplementary Discussion

Confirming the VLWIR response
The photoresponse threshold of previously reported internal-photoemission heterojunction detectors [1, 2, 3] has agreed very well with a detection limit determined by λ c = hc/∆. Observing a response beyond 4 µm in the present sample (∆ = 0.32 eV) is, therefore, surprising. It is essential to confirm that the observed VLWIR response is not a result of experimental artifacts. In the paper, evidence is presented to verify the VLWIR response. This includes: (1) the escape-cone model simulation, (2) measuring hole distribution peaks at applied biases when the VLWIR response rises, and (3) measuring the tunable VLWIR response through varying the pump optical source (using filters/an external optical excitation source). In addition to these measurements, the experiment using an external optical excitation source and a GaAs wafer (beamsplitter) further validated the VLWIR response. The spectral response is plotted in Fig. S2 . Since GaAs lies in the optical path (see Fig. S1b ), it absorbs light. Therefore, the response should contain the absorption features of GaAs. As expected, dips in the 15 − 30 µm wavelength range of the response spectra are confirmed as being due to multiple phonon absorptions in GaAs, by comparing with the transmission spectrum (inset). This confirms that the response signal in the VLWIR range is due to the FTIR light.
Photoresponse ( 
Activation energy based on I-V-T data
The activation energy can be obtained from the R 0 A-T behavior, where R 0 is the zero-bias differential resistance, and A is the active area. The R 0 A values were calculated by using experimental I-V-T data, and plotted as a function of temperature on a logarithmic scale, i.e., an Arrhenius plot, as shown in [1] For the samples used in the paper, we cannot actually measure the activation energy associated with the p-type GaAs (absorber)/Al 0.57 Ga 0.43 As (constant barrier) junction; instead, the highest barrier height (associated with the GaAs/Al 0.75 Ga 0.25 As graded barrier junction) was obtained (see Fig. S3 ). As such, we refer to the designed value (∆ = 0.32 eV) as the conventional threshold energy for operation under a reverse bias. Also shown is a previously reported [4] symmetrical flat-barrier GaAs/Al 0.57 Ga 0.43 As detector (SP3).
The escape-cone model
Carrier emission across the emitter/barrier heterointerface is typically described as an internal photoemission process, for which the emission probability can be evaluated by an escape-cone model. The principle is to calculate the number of carriers which are capable of escaping over a potential barrier by having a normal (to the interface) momentum greater than that of the barrier.
These carriers occupy energy states on a spherical Fermi cap in k space. [6] This model can be used to extract the threshold energy of photoemission, [6, 7] and also to simulate the spectral response of heterojunction photodetectors. [8, 9] Since this model has been described in the literature, [6, 7, 8] it will not be repeated here. For example, Ref. [8] presents the escape-cone model for doped heterostructures. To calculate the spectral response, the total quantum efficiency should be evaluated, which essentially divides into two parts: the escape efficiency (probability), and the absorption efficiency. The latter needs separating into two absorption mechanisms for the p-type GaAs absorber, i.e., intra-and inter-valence-band optical transitions. According to our calculations, intra-valence-band transitions lead to good fits to the experimental photoresponse in the VLWIR range. In contrast, inter-valence-band transitions mostly dominate in the wavelength range below 10 µm.
[10]
Bias-dependent VLWIR response
Representative response spectra at different applied biases are shown in b, Calculated plasmon-phonon coupling modes [11] (ω + and ω − ). The calculation takes into account damping. [12] The two modes at p = 1 × 10 19 roughly match with the positions of the two sharp peaks shown in a.
bias greater than −0.06 V, and the 35.6-µm peak rises when the bias is greater than −0.08 V. In the very long-wavelength range, the absorption in the GaAs absorber is dominated by intra-band freecarrier transitions and phonon absorptions. It has been shown that, when the plasmon frequency is comparable to the longitudinal optical (LO) phonon frequency, [11] strong coupling between the plasmon and LO modes is expected, giving rise to two coupling modes, ω + and ω − , as shown in and 236 cm −1 (or 42 µm), respectively. Notice that the coupling modes were calculated based on equilibrium distribution without the hot-hole effect. Upon the injection of hot holes, part of the cold hole distribution acquires energy from hot holes and is excited into higher energy states. In terms of our experimental conditions, the total concentration of holes in the absorber should be close to the original doping concentration (i.e., 1 × 10 19 cm −3 ). However, their distribution could vary greatly from that without hot-hole injection. This means that the calculation shown in Fig. S4b may not be an actual representation of the coupling. In spite of the hot-hole effect, comparison between the two sharp response peaks and the coupling modes implies the important role of the phonon-plasmon coupling in affecting the response. We feel more detailed studies are needed to understand this fully, and this is out of the scope of the present work. Despite this, the observed VLWIR response is experimentally confirmed (see Sec. II.1.), and its general spectral profile is in agreement with the prediction of the escape-cone model.
Photoresponse of the symmetrical flat-barrier detector
It is found that having a barrier offset (δE v ; see Fig It may be noted that high-energy hot holes can be injected into the absorber of sample LH1002 by applying a higher bias. This might be expected to increase the hot-cold hole interactions and lead to hole distribution peaks being observed. However, as shown in Fig. S5 , a differential photocurrent peak is only seen at 0 V. From comparisons with the differential photocurrents of SP1007 and hot-carrier spectroscopy [13, 14, 15] , this is unlikely to be a result of hot-cold hole interactions. In hot-carrier spectroscopy, a carrier distribution peak is typically observed when the potential barrier on the injection side is higher than that in the collection side, and this differs from the operation of LH1002. 
VLWIR response at different temperatures
The VLWIR response spectra at different temperatures are shown in Fig. S6 . It can be seen that responsivities at short-and long-wavelength (i.e., < 4 and > 4 µm, respectively) display the With increasing temperature, carrier-carrier scattering can be affected by other processes such as carrier-ionized dopant scattering. The reduction in the carrier-carrier scattering rate will then decrease the efficiency of energy transfer from hot carriers to cold carriers. Consequently, the cold carriers are less likely to be excited which in turn decreases the VLWIR response. In contrast,
an increase in the concentration of cold holes at higher temperatures contributes to the increased response for wavelengths < 4 µm. This explains the increase in the short-wavelength response with increased temperature. It should be noted, though, that the sample can only respond up to 4 µm for temperature above 30 K. This is the "normal" response (in accordance with λ c = hc/∆).
However, this short-wavelength response can be even observed at room temperature. [16] All of these experimental results are consistent with our proposed hot-hole mechanism. Further optimized structures, e.g., using quantum structures as the absorber, may improve the operating temperature, as quantum structures posses a longer carrier lifetime than bulk semiconductors. 
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